When specifically labeled glutamate-1-"C was provided to 4-day-old rose cells, 87.6% of the 14C in glutamate recovered from protein was in the number 1 carbon atom of the glutamate molecule. It was concluded that newly absorbed glutamate was incorporated directly into protein without any prior metabolism.
A double labeling study with acetate-U-"C and glutamate-U-3H showed the availability of absorbed glutamate for protein synthesis was equal to that of endogenously synthesized glutamate.
Steward et al. (13, 14) showed that only part of the soluble amino acids in carrot cells were available for protein synthesis.
Furthermore, exogenous sugar was a more direct source of carbon for the amino acids incorporated into protein than either exogenously supplied amino acids or the internal pools of stored amino acids in the cells. In Steward's work some of the "C from exogenously supplied glutamic acid entered protein as glutamic acid, but he concluded that only a small fraction entered the protein directly; instead its carbon framework was reworked in metabolism prior to protein incorporation (3) .
In previous pulse experiments (4) in which acetate-"C was provided to rose cells, I showed that large amounts of "C were present in soluble glutamate immediately following the pulse. During the subsequent 480 min, 97.5% of the "C in soluble glutamate disappeared, but only 13% of it entered protein; the remaining portion appeared to serve as a respiratory substrate. Thus most of the endogenously synthesized glutamate was not incorporated into protein.
In the same study (4) when cells were incubated for 90 min in glutamate-U-"C, a large amount of the recovered "C (20.8%) was in protein. The (3) .
In the present study, the possibility of direct incorporation of absorbed glutamate was tested by examining the utilization of glutamate-1-'C by rose cells. Based on established metabolic pathways (5, 6, 9) , it was predicted that the majority of newly absorbed glutamate-l-`C would have been metabolized in three ways. It could have been converted by deamination to a-ketoglutarate and entered the tricarboxylic acid cycle. If so, the "C would have been confined to the carbon 1 atom of a-ketoglutarate (5) . In the next reaction of the cycle mediated by a-ketoglutarate dehydrogenase, this carbon atom would have been cleaved to yield "CO2 and nonradioactive succinylCoA (6, 9) . Another possibility was that glutamate-i-"4C was decarboxylated by glutamic acid decarboxylase to yield "CO2 and nonradioactive a-amino butyric acid (6, 8) . The third possibility was that glutamate-l-"C was incorporated directly into protein. Neither of the first two possibilities would be expected to result in the regeneration of glutamate-il-"C, and any glutamate-"C produced from "CO2 fixation (2) would not be exclusively labeled in the carbon-I position of the glutamate molecule. Therefore, at the conclusion of the experiment the amount of glutamate-i-"C recovered from the protein would indicate whether or not direct incorporation of absorbed glutamate into protein had occurred. However, this would not indicate the importance of absorbed glutamate in protein synthesis as compared to endogenously synthesized glutamate. This aspect of glutamate metabolism was studied in a double labeling experiment. Acetate-U-"C was provided to serve as a precursor of endogenously synthesized glutamate-"C, and glutamate-3H was used as an exogenous source of glutamate. The availability of each source for protein synthesis was estimated by comparing the per cent distribution of 3H and "C between free and protein bound glutamate following a 30-min incubation period.
MATERIALS AND METHODS
Suspension cultures of Paul's Scarlet rose were grown as previously described (4, 11) . Cells and medium removed from 4-day-old cultures undergoing logarithmic growth were used. The sterility of each suspension was tested by plating an aliquot on Difco Bacto nutrient agar and incubating at 25 C for 96 hr. The cells used possessed no Chl.
In the first experiment, 2 g of cells were aerated for 6 hr in 8 ml of medium containing 10 ,aCi of D,L-glutamate-1 -"C (3.33 ,uCi/,umole). The cells were then homogeenized in 80% ethanol for 2 min with a VirTis grinder set at high speed. The soluble components were separated by filtration from the insoluble material and each was analyzed further. The soluble components, organic acids and free amino acids, were fractionated, and the distribution of radioactivity was determined according to the procedures of Fletcher and Beevers (4) . The alcoholinsoluble material was hydrolyzed, and a mixture of protein amino acids was recovered as previously described (4). Glutamate and aspartate were removed from the mixture by absorbing them on Dowex 1-X1O (acetate) held in a 1 X 20 cm column. The amino acids which passed through the column were fractionated further by paper chromatography, and their "C content was determined (10, 15) . The glutamate and aspartate were eluted from the Dowex with 400 ml of a linear gradient from 0 to 4 N acetic acid. Five-ml fractions were collected. The fractions were dried at 40 C with an air stream and then taken up in 1 ml of H20. Ten X aliquots were removed from each fraction and assayed for "C. Those fractions containing glutamate were determined by comparing the profile of eluted "C with a standard elution profile produced by developing a column charged with known glutamic acid. Those fractions containing a glutamate were pooled and dried. The purified glutamate recovered from protein was dissolved in H,O and reacted for 8 hr at 30 C with a commercial preparation of glutamate decarboxylase, an enzyme which is specific for the carbon 1 atom of glutamate (1) . The enzyme used was Sigma's type I isolated from E. coli. Preliminary manometric assays with glutamate as the substrate established the approximate activity of the enzyme preparation. Chromatographic separation (15) of the reaction products when compared to standards showed that y-amino butyric acid was the only compound produced. Based on this preliminary work, the reaction mixture used in this experiment contained 20 mg of glutamic acid decarboxylase, 6 ml of 0.1 M phosphate buffer (pH 5.2), 10 ml H20, and the recovered glutamic acid. During the incubation period, an air stream was used to purge "CO2 from the reaction vessel into a CO2 trap containing 10 ml of hyamine. Samples (0.5 ml) removed from the hyamine trap were assayed for "C. Chromatographic separation (15) of the reaction mixture at the end of the experiment verified that y-amino butyric acid was produced.
In the second experiment, individual cell samples ( 
RESULTS AND DISCUSSION
When glutamate-1-"C was provided to rose cells 85.9% of the recovered "C was evolved as CO2 (Table I) . This was a predicted result because of its relationship to the decarboxylases discussed in the introduction. The next most heavily labeled components were soluble amino acids (6.0%) and protein amino acids (5.0%). Lesser amounts of "C were present in the organic acids and lipid.
Further fractionation of the amino acids showed that glutamate was the most heavily labeled amino acid in both the soluble and the protein bound fractions (Table II) . The molecular distribution of "C in glutamate recovered from protein was a primary concern of the study. The amount of "C present in the carbon 1 position of the molecule indicated, for reasons cited in the introduction, how much of the glutamate-"C recovered from protein had resulted from a direct incorporation of absorbed glutamate-1-"C. The percentage of the total "C present in the carbon 1 position was determined by comparing the total "C in glutamate recovered from protein (147,200 cpm) with the "CO2 (129,000 cpm) released when it was reacted with glutamic acid decarboxylase. 87.6% of the "C was in the carbon 1 atom. The large per cent of the "C occurring in this atom showed that absorbed glutamate-i -"C was incorporated directly into protein without any prior metabolism.
Several other amino acids were synthesized in part from carbon 14 derived from glutamate-1-"C. Most noticeable was proline (Table II) , an immediate product of glutamate metabolism, but several other amino acids (aspartate, threonine, and leucine-isoleucine) became labeled presumably by the fixation of "CO2 cleaved from the carbon skeleton of glutamate-1-`C (2). Analysis of the "4C in protein bound amino acids showed that all newly synthesized amino acids containing "4C were available for protein synthesis but not to the same extent. For example, the distribution of 14C in individual amino acids between free and protein bound showed 88% of the total proline-4C and 82% of the threonine-14C were in protein; whereas, only 26% of the valine-14C and 0% of tyrosine-'4C was in protein. This could have been due to compartmentation whereby certain amino acids were sequestered in storage pools (12, 14) , but it could also have been a result of differences in pool sizes (7) . If newly synthesized proline-'4C joined a small amount of pre-existing nonradioactive proline (small pool), then its chances of entry into protein were greater than if it had been diluted by a large amount of nonradioactive proline (large pool).
Although the experimentation with glutamate-l-"4C showed that newly absorbed glutamate could be incorporated directly into protein, it did not establish the importance of this source in comparison to glutamate synthesized inside of the cell. To study this, cells were provided simultaneously with acetate-U-'4C (an excellent source of endogenously formed glutamate) (4) and glutamate-3H (an exogenous source). After a 30-min incubation period, cell analysis showed that the per cent distribution of each isotope between free and protein-bound glutamate was approximately the same (Table III) . The distribution of endogenously synthesized glutamate-'4C between the free and protein-bound fractions was 83% and 17%; as compared to 86% and 14% for the 3H coming from exogenously supplied glutamate-U-3H. The similarity in distribution of isotopes arising from the two sources indicated that the availability of absorbed glutamate for protein synthesis was approximately equal to that of endogenously synthesized glutamate. Although both substrates were provided in ,umole amounts, it could still be argued that expansion of intracellular pools of glutamate by either of these sources may have enhanced the incorporation into protein of one source of glutamate, more than the other. Therefore, cells were incubated separately with each substrate (Table III) , and the per cent distributions of "4C and 3H were determined. The distributions were almost the same as when the substrates had been provided simultaneously; so pool expansion, if it occurred, was not considered an influential factor in the results obtained from the double labeling experiment. (4) . Therefore, it is important to emphasize that the conclusions drawn in this study reflect the metabolism of glutamate in rapidly dividing tissue culture cells which are undergoing their maximum rate of net protein synthesis.
CONCLUSIONS
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